INTRODUCTION
and N5p produced by Ped. pentosaceus (Strasser de Saad et al. 1995) . The spectra Lactic acid bacteria (LAB) are well known for their proof antimicrobial activity of these pediocins are very similar duction of antimicrobial proteins or peptides, collectively and the genes coding for their production share many conknown as bacteriocins. These protein complexes (protein served regions (De Vuyst and Vandamme 1994) . This is aggregates, lipocarbohydrate proteins, glycoproteins, etc.) are perhaps not surprising, since Ped. acidilactici and Ped. pennormally only active against Gram-positive bacteria, and usutosaceus are phylogenetically closely related (Collins et al. ally only against cells closely related to the producer strain.
1991). The ability of many of these bacteriocins to inhibit foodWe report on a new bacteriocin, pediocin PD-1, produced borne pathogens, including Listeria monocytogenes, makes by the type strain of Ped. damnosus (NCFB 1832), which them attractive as potential food preservation agents is phylogenetically distant from Ped. acidilactici and Ped. (reviewed by De Vuyst and Vandamme 1994) . Several pentosaceus (Collins et al. 1991) . Data on the spectrum of bacteriocins have been described for strains of Pediococcus, antimicrobial activity, production, isolation, purification and Lactococcus, Lactobacillus, Streptococcus, Enterococcus, Leumechanism of activity of pediocin PD-1 are presented. conostoc, Carnobacterium and Bifidobacterium spp. (De Vuyst and Vandamme 1994) . The pediocins thus far described include AcH produced by Ped. acidilactici H (Bhunia et al. 1987, 1988) , PA-1 produced by Ped. acidilactici PAC 1.0 (Gonzales and Kunka 1987) , JD produced by Ped. acidilactici
MATERIALS AND METHODS

Bacterial strains and growth conditions
JD-23 (Richter et al. 1989) , SJ-1 produced by Ped. acidilactici Pediococcus damnosus NCFB 1832 was grown in MRS broth SJ-1 (Schved et al. 1993) , 5 produced by Ped. acidilactici UL5 (Biolab, Midrand, South Africa) at 30°C. The indicator (Huang et al. 1996) , A produced by Ped. pentosaceus FBB-61 strains used in this study are listed in Further purification of pediocin PD-1 (sample of 300 ml (¼ 650 mg)) was performed by reverse phase FPLC (Pharwere maintained in the growth media recommended for the strains in the respective culture collection catalogues. Oenomacia LKB LCC-501 Plus), using a PepRPC HR 5/5 column (Pharmacia). The eluents used were trifluoroacetic acid coccus oeni (previously Leuconostoc oenos; Dicks et al. 1995) was grown in acidic grape broth (Dicks et al. 1990) .
(0·1%) in water (eluent A) and trifluoroacetic acid (0·1%) in acetonitrile (eluent B). A gradient from 20 to 50% B was applied. Fractions of 0·77 ml were collected, lyophilized,
Inhibitory activity
resuspended in sterile distilled water and stored at -20°C.
Pediococcus damnosus NCFB 1832 was inoculated (2% v/v) into MRS broth (Biolab) and incubated at 30°C without
Molecular mass determination
aeration until mid-logarithmic phase of growth To determine the size of the pediocin PD-1 molecule, the (O.D. 600 1·4). The spot-on-lawn method described by Amberlite XAD-1180 fraction was subjected to tricine-SDSMayr- Harting et al. (1972) was used to determine the antipolyacrylamide gel electrophoresis (Schägger and Van Jagow microbial activity of pediocin PD-1 against the organisms 1987). One half of the gel was stained with Coomassie brilliant listed in Table 1 . An aliquot of 10 ml of cell-free culture blue R250 (Sambrook et al. 1989) . ), embedded in acidic grape agar (1·5% agar w/v).
Production of pediocin PD-1 Determination of the isoelectric point of pediocin
Production of pediocin PD-1 was followed during growth in
PD-1
MRS broth (Biolab). At specific time intervals, samples were taken, centrifuged and the arbitrary units (AU) of pediocin To determine the isoelectric point (pI) of pediocin PD-1, PD-1 activity (reciprocal of the highest dilution at which 30 ml (¼ 50 mg ml -1
) of the Amberlite fraction containing activity was still obtained) were determined in supernatant active pediocin PD-1 were applied to the Rotofor elecfluids according to Henderson et al. (1992) . Oenococcus oeni trofocusing cell (BioRad) using ampholytes with a pH range 19Cl was used as indicator organism.
of 3-10 (BioLyte, BioRad). The separation method used was as described by the supplier. After separation, the fractions were harvested and precipitated at -20°C with acetone (80% Isolation and purification of pediocin PD-1 v/v, final concentration). The precipitates were redissolved in a phosphate buffer (pH 6·0) and tested for antimicrobial Pediococcus damnosus NCFB 1832 was grown in MRS broth (Biolab) at 30°C until mid-logarithmic phase activity. Active fractions were pooled and analysed by tricine-SDS-PAGE, as described previously. (O.D. 600 1·4). The cells were harvested and 200 ml of the cell-free supernatant fluid added to 80 ml of Amberlite XAD-1180 matrix (Serva, Germany). After 1 h of gentle agitation Sensitivity to heat, pH and proteolytic enzymes at 25°C, the matrix was removed by filtering the suspension through a sintered glass funnel. The Amberlite matrix was These tests were conducted on crude extract samples of pediocin PD-1 (10 × concentrated by lyophilization). Oenwashed with 3 l of distilled water, packed into a polypropylene column (12 × 2·5 cm) and eluted with 600 ml of methanol:
ococcus oeni 19Cl was used as indicator strain. Aliquots of pediocin PD-1 were exposed to heat treatments of 40°, 60°, water (1:1) to remove all non-hydrophobic compounds. Pediocin PD-1 was then eluted from the hydrophobic matrix 80°and 100°C for 10, 30 and 60 min, respectively, and 121°C for 10 min. The samples were then tested for antimicrobial with 300 ml of methanol:0·1 mol l -1 HCl (9:1). The flow speed through the column was 2-3 ml min -1 . The eluted fraction activity. In a separate experiment samples of pediocin PD-1 were adjusted to the range of pH values of 2-14, incubated was concentrated to 40-60 ml by evaporating the methanol at 40°C in a Rotavapor (Büchi, Switzerland). The fraction at 37°C for 30 min, neutralized to pH 5·5, and tested for bactericidal activity. Resistance of pediocin PD-1 to pro-(which contained pediocin PD-1) was desalted by using a 1 kDa cut-off dialysis membrane. The desalted sample was teolytic enzymes was determined by incubation of the bac- ------------------------------------------------------------------------ 
--------------------------------------------------------------------------
Organism Strain Result* -
-------------------------------------------------------------------------
*¦, Sensitive to pediocin PD-1 (¦, ¦¦ and ¦¦¦ reflect the degree of sensitivity); −, resistant to pediocin PD-1. T, Type strain.
teriocin samples in the presence of Proteinase K (10 U mg -1 pediocin PD-1), pepsin (1250 U mg -1 pediocin PD-1), papain (15 U mg -1 pediocin PD-1), a-chymotrypsin (45 U mg -1 pediocin PD-1) and trypsin (55 U mg -1 pediocin PD-1) at 37°C for 1 h. After incubation, the enzymes were inactivated by heating for 3 min at 100°C, and samples were tested for antimicrobial activity.
Mode of action
Cells of O. oeni 19Cl (10 6 cells ml -1 ) were washed with sterile distilled water and incubated in the presence of partially purified pediocin PD-1 (50 mg ml -1 cell suspension). Changes in turbidity were recorded at an O.D. of 600 nm and the number of colony-forming units (cfu) was determined by plating the samples on solid media. Leakage of cellular proteins and DNA from the bacteriocin-treated cells was determined by measuring the optical density at 280 and 260 nm, respectively. 
RESULTS
Leuconostoc mesenteroides ssp. cremoris, O. oeni, Listeria inno-
cua, L. monocytogenes, Micrococcus sp., Propionibacterium acidipropionici, Propionibacterium sp., Staphylococcus aureus, Staph. carnosum and Streptococcus thermophilus (Table 1) . No tide corresponding to a size of ¼ 3·5 kDa (Fig. 2c) . Further activity was observed against Ped. acidilactici, Ped. pentosaceus, separation of the Amberlite fraction by reverse phase FPLC Ped. parvulus and Pediococcus sp. PBC (Table 1) . yielded one active peak (Fig. 3) . Tricine-SDS-PAGE conPediocin PD-1 production started during early exponential firmed a bactericidal peptide band of 2-3 kDa (data not growth and more or less followed the trend of the growth shown), corresponding to the size of the bacteriocin molecule curve (Fig. 1) . Production ceased once the stationary phase obtained after the Amberlite XAD-1180 separation (Fig. 2b) . of growth was reached. Separation with Amberlite XADIsoelectric focusing with the Rotofor cell yielded an active 1180 yielded three peptide bands on a tricine-SDS-polyacrylamide gel (Fig. 2b) , with the active pediocin PD-1 pep- Fig. 3 Separation of pediocin PD-1 by reverse phase FPLC. A Fig. 1 Production of pediocin PD-1 during growth of Pediococcus damnosus NCFB 1832. Â, Optical density at 600 nm; r, gradient of 20-50% B (0·1% trifluoroacetic acid in acetonitrile) was used pediocin PD-1 activity in AU ml -1 Table 2 Comparison of four pediocins' resistance to heat, pH and proteolytic enzymes  ----------------------------------------------------------------------------------------------------------------- Temperature  pH Proteolytic enzymes  ----------------------------------------------------------------------------- ---------------------------------------------------------------------------------------------------------------- --------------------------------------------------------------------------------------------------------------- --* ¦, Active; −, no activity; ND, not determined. †Chikindas, personal communication.
Treatment* --------------------------------------------------------------------------------
bacteriocin (2-3 kDa peptide as determined by tricine-SDSHowever, pediocin PD-1, unlike pediocins SJ-1 (Schved et al. 1993 ), AcH (Bhunia et al. 1988 , PA-1 (Gonzales and PAGE, data not shown).
Pediocin PD-1 is heat-stable for up to 10 min at 121°C, Kunka 1987) and N5p (Strasser de Saad et al. 1995) , is not active against strains of Ped. acidilactici, Ped. pentosaceus and active after 30 min of incubation in buffers of pH from 2 to 10, and resistant to treatment with pepsin, papain, trypsin Ped. parvulus (Table 1) , and possesses different sensitivity to treatment with proteolytic enzymes (Table 2) . Therefore, and a-chemotrypsin, but not Proteinase K (Table 2) . No antimicrobial activity was detected after incubation in the pediocin PD-1 may act differently from what has been reported for other described pediocins. buffers of pH 13 and 14. The cell numbers of O. oeni 19Cl declined from 10 8 cfu to The discontinuation of pediocin PD-1 production at late exponential phase of growth (Fig. 1) is similar to that zero within 5 h after pediocin PD-1 (50 mg ml -1 cell suspension) was added to the cells (Fig. 4) . There was no cell described for plantaricin C (Gonzalez et al. 1994) , pediocin SJ-1 (Schved et al. 1993) and reutericin 6 (Toba et al. 1991) . lysis observed (determined as changes in turbidity at O.D. of 600 nm) during the time of incubation (Fig. 4) .
Separation of pediocin PD-1 by Amberlite XAD-1180 suggests that the bacteriocin molecule is hydrophobic and in this sense similar to many other bacteriocins. Concluded from the DISCUSSION estimated size (3·5 kDa) of pediocin PD-1 (Fig. 2b,c) , it is The spectrum of antimicrobial activity of pediocin PD-1 smaller than that recorded for pediocin SJ-1 (4 kDa), and (Table 1 ) is similar to that reported for other pediocins.
slightly bigger than pediocin AcH/PA-1, i.e. 2·7 kDa (Bhunia et al. 1988; Marugg et al. 1992) . The decrease in cfu, accompanied by the unchanged turbidity of O. oeni 19Cl cells treated with pediocin PD-1 (Fig. 4) , suggests that the mechanism of activity is bactericidal. No DNA or no increase in protein levels were detected in the medium surrounding the pediocin PD-1-treated cells of O. oeni. Further experiments are required to determine whether the mechanism of pediocin PD-1 activity relates to that described for other bacteriocins, i.e. pediocin PA-1 (Chikindas et al. 1993) . 
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